Chloroplast DNA of the green alga Chlamydomonas reinhardtii is maternally inherited. Methylation mapping directly revealed that, before mating, chloroplast DNA of maternal (mating type plus; mt ؉ ) gametes is heavily methylated whereas that of paternal (mating type minus; mt ؊ ) gametes is not. Indirect immunofluorescence analyses with anti-5-methylcytosine mAbs visually showed methylation to occur exclusively in chloroplast DNA of mt ؉ gametes, and not in mt ؊ gametes or nuclear DNA of either mt. To clarify the relationship between methylation and maternal inheritance of chloroplast DNA, we have isolated and characterized a cDNA encoding a DNA methyltransferase. The deduced protein, CrMET1, consists of 1,344 aa and contains a conserved catalytic domain at the C terminal and a nonconserved N-terminal region. The predicted N-terminal region has an arginine-rich domain, suggesting CrMET1 is transferred to chloroplasts. This finding could be directly shown by green fluorescent protein epifluorescence microscopy analyses. CrMET1 transcripts were found to be absent in both mt ؉ and mt ؊ vegetative cells. Upon gametogenesis, however, transcript levels clearly increased in mt ؉ but not mt ؊ cells. These experiments suggest that the CrMET1 protein is located in chloroplasts and that it specifically methylates cytosine residues of chloroplast DNA in mt ؉ gametes. This conclusion was further strengthened by the observation that, during gametogenesis, CrMET1 is expressed in a mt ؊ mutant, mat-1, whose chloroplast DNA is heavily methylated in gametes and paternally inherited. The results provide evidence that cytosine methylation plays a critical role in maternal inheritance of chloroplast genes in C. reinhardtii.
T
he soil organism Chlamydomonas reinhardtii is a member of a large genus including soil, fresh water, and marine forms. It is a unicellular sexual microorganism with a simple sexual life cycle, showing segregation by the mating type (mt), denoted by plus (mt ϩ ) and minus (mt Ϫ ) (1) . C. reinhardtii in liquid culture grow exponentially at rates of 1-4 doublings in 24 h, depending on the culture medium and conditions. Exponentially growing cultures do not mate. Upon nitrogen starvation, however, they differentiate into gametes capable of mating. After a clumping reaction, pairs of cells of opposite mt fuse to form zygotes, which are the only diploid stage during the usual life cycle. After a period of maturation for several days, zygotes germinate with the release of four zoospores, the four products of meiosis (1) .
The inheritance of chloroplast genes is maternal: chloroplast genes from the mt ϩ parent are transmitted to all progeny, whereas the corresponding alleles from the mt Ϫ parent are permanently lost. It was earlier proposed that this maternal pattern is regulated by a methylation and restriction system analogous to that in bacteria (2) . Indeed, southwestern hybridization using antibodies against 5-methylcytosine (m 5 C) directly demonstrated that chloroplast DNA from mt ϩ gametes is heavily methylated, in contrast to that from mt Ϫ gametes or vegetative cells of either mt (3) . A recent study using 5-azacytidine, a powerful inhibitor of DNA methylation in vivo, further demonstrated that hypomethylation of chloroplast DNA of mt ϩ gametes in fact reduces the frequency of maternally inherited progeny (4) . Although these experimental data indicate a strong correlation between maternal inheritance of chloroplast DNA and its hypermethylation, the available evidence is indirect. The present work was thus initiated to determine the cause-result relationship between the two phenomena. Methylation Mapping Assay. Total DNA was extracted (6) and linearized with restriction enzymes (EcoRI, PstI, and StyI). One microgram of the linearized DNA and 4 g of pGEM plasmid as carrier were diluted to 50 l and denatured at room temperature by addition of 5 l of 2 M NaOH for 10 min. A 1 ml of bisulfite solution (2.5 M sodium metabisulfite, 100 mM hydroquinone, pH 5.0 adjusted with NaOH) was then added to the template mixture and incubated at 50°C for 4 h (7). After three times of ethanol precipitation to remove bisulfite, 10 ng of the bisulfite-modified DNA was amplified by 30 cycles of PCR (94°C 15 sec, 50°C 15 sec, 72°C 1 min). Primers used were as follows: for the A strand (the sense strand), pRBCLA1, 5Ј-CTAA-GAGCTCTAATTTAAATTTAATTATACAACC-3Ј, pRB-CLA 2, 5Ј-AT TGGTCGACATA A AGT T TAT TATAT TG-GAGAGG-3Ј; for the B strand (the antisense strand), pRBCLB1, 5Ј-TAAAGTCGACAACACTACCTCTAATA-AAATCTAC-3Ј, pRBCLB2, 5Ј-TTTTGAGCTCAAAGATT-TAATTTAGGTTTGATTG-3Ј (SacI and SalI sites used for subcloning are indicated by underlines). They were used to amplify an 850-bp segment of the ribulose-1,5-bisphosphate carboxylase͞oxygenase large subunit gene (rbcL, GenBank accession no. J01399) on the chloroplast DNA. The resulting fragments were cloned and sequences were determined (7).
Materials and Methods
Indirect Immunofluorescence Staining. Cells were fixed on a slide glass with 4% paraformaldehyde in PBS solution, denatured with 70% formamide in 2ϫ SSC, and immediately chilled in 70%, 95%, and 99% ethanol for 2 min each and air-dried. Staining were essentially performed as described (8) with an anti-m 5 C mAb (9) . For DNA identification, slides were mounted in 1 g͞ml 4Ј,6 diamidino-2-phenylindole (DAPI)͞Vectashield solution (Vector Laboratories). Fluorescent images of DAPI and FITC were captured by using UV-and B-excitation filters and merged with the assistance of PHOTOSHOP (version 5, Adobe).
Full-Length cDNA Isolation of CrMET1. To isolate C. reinhardtii DNA methyltransferase, a set of degenerate primers was designed in accordance with the conserved regions of the Cyanobacteria methyltransferase gene as follows: pCyano1F, 5Ј-CTSTTCGC-SGGYTGCGGYGG-3Ј; pCyano4R, 5Ј-AARCCCTGGCAS-GGSGGRCC-3Ј. A 359-bp cDNA fragment encoding the catalytic domain of CrMET1 (domain I-IV) was obtained from the initial screening of a cDNA pool of me-1 mt ϩ gametes. A genomic nucleotide sequence including the 5Ј regulatory region was obtained and determined by inverse PCR with genomic DNA from me-1 mt ϩ vegetative cells. The full-length cDNA was finally obtained by reverse transcription (RT)-PCR, 5Ј rapid amplification of cDNA ends (RACE) (5Ј-Full RACE Core Kit, Takara, Kyoto) and 3Ј RACE with the first cDNA of me-1 mt ϩ gametes by referring to the genomic DNA sequence.
Green Fluorescent Protein (GFP) Epifluorescence Microscopy Analysis.
Vector construction was carried out essentially as described (10, 11) (see Fig. 3a ). Transformed cells were selected by plating cell suspensions after electroporation onto Tris͞acetate͞phosphate (TAP) solid medium containing 10 mg͞l of zeocin (Invitrogen), and observed under a fluorescence microscope equipped with UV-and B-excitation filters (Ax70, Olympus, Tokyo). Fluorescent images were captured separately by using a cooled charge-coupled device camera (CoolSNAP-HQ, Photometrics, Tucson, AZ).
RNA and DNA Blot Analyses. Total RNA was extracted from vegetative cells and gametes (12) . Poly(A) ϩ RNA was purified by using an mRNA Purification Kit (Amersham Pharmacia), and 1.5-g aliquots were used for RNA blot analyses. The probe was a 1.7-kb cDNA fragment of CrMET1. For the DNA blot analysis, 10 g of total genomic DNA from vegetative cells was digested with BamHI or SphI and subjected to hybridization with CrMET1 as a probe.
RT-PCR. The initial cDNA pool was synthesized from 10 g of total RNA from vegetative cells and gametes by using an oligo(dT) primer. A 0.9-kb fragment of ATP synthase subunit C (atpC1) gene was used as a quantitative standard. A 25-cycle PCR (98°C 10 sec, 68°C 1 min) was performed with primers specific for the atpC1 gene, (pATPC1F: CGCTGACGAC-GAGATCTTCAAGC, and pATPC1R: ACAGGTCCGTT-GTCTTCACCTCC), and a 1-kb cDNA fragment of CrMET1 was amplified from the initial cDNA pool by a 30-cycle PCR with primers (pCrMETF6: CCATGAGCGCCT TCCAGTGG, pCrMETR10: CTGATGCTGGCACTGCATACC). The PCR products were subjected to electrophoresis and stained with ethidium bromide.
Results
Identification of Methylated DNA During Gametogenesis. Our previous analyses with southwestern hybridization and HPLC revealed selective methylation of chloroplast DNA in mt ϩ gamete cells (3, 13) . This finding was further confirmed by direct methylation mapping (see Fig. 7 , which is published as supporting information on the PNAS web site, www.pnas.org), using the bisulfite method, which determines positions of m 5 C in the rbcL locus of chloroplast DNA. The sequence examined covers 850 bp containing the 5Ј upstream promoter region and part of the coding region (Fig. 1A) . The average numbers of m Cs, followed by CpNpG (27.6%). The other sites 94°C 15 sec, 50°C 15 sec, 72°C 1 min) using 10 ng of the bisulfite-modified DNA, the products were digested by SalI and SacI, gel-purified, and cloned into pBluescript KSϪ. Individual clones were sequenced and sites of methylated cytosines were identified. The numbers of sequenced clones were 14 and 11 for mt ϩ and mt Ϫ vegetative cells, respectively, and 25 and 10 for mt ϩ and mt Ϫ gametes, respectively. Average numbers of m 5 C in A and B strands are indicated by solid and hatched bars, respectively. (C) Numbers of m 5 C in individual clones. The value for a given clone is indicated on the horizontal scale, and the number of clones containing the indicated m 5 C number is shown on the vertical scale. The sequence specificity of the m 5 C is not shown, but 36.8% of the total m 5 C appeared in CpG, 27.6% in CpNpG, and 35.5% in other sequences, apparently at random.
(35.5%) were apparently randomly distributed among CpA, CpT, and CpC. Methylation occurred at equal frequency in both promoter and coding regions. The number of m 5 C in a single clone was always less than four in vegetative cells of both mts and in mt Ϫ gametes. In contrast, more than half of the clones of mt ϩ gametes showed more than six m 5 Cs, with an extreme example of 18 m 5 Cs (Fig. 1C) . Because a single cell of C. reinhardtii contains Ϸ80 copies of chloroplast DNA, the above observation suggests that, even in mt ϩ gametes, methylation does not occur uniformly in the entire chloroplast DNA population. Some molecules are heavily methylated whereas others are not.
Preferential Methylation of Chloroplast DNA. The me-1 mutant was originally described to obey normal maternal inheritance for chloroplast genes, despite the hypermethylation of chloroplast DNA in vegetative and gamete cells of both mts (14) . On direct methylation mapping, however, the overall methylation status of both mts at the rbcL locus was similar to that of wild type: hypomethylated in vegetative cells, and heavily methylated only in mt ϩ gemetes, although the level was more than 2.5-fold higher than in the wild type (Fig. 2) (Fig. 3) . It appeared, however, that not all chloroplast nucleoids were equally methylated: some were heavily methylated whereas others were not. This finding is consistent with the results of direct methylation mapping, showing a diverse population in terms of methylation (Fig. 2) . Chloroplast and nuclear DNAs from mt Ϫ vegetative and gamete cells remained unmethylated, showing similar images to those of mt ϩ vegetative cells (data not shown). Note that nuclear DNA was apparently not methylated at any stage in either mt.
Isolation of a Gene Encoding a DNA Methyltransferase. To examine the molecular mechanisms of chloroplast DNA methylation, we attempted to isolate a gene for a DNA methyltransferase, which is considered responsible for methylation of chloroplast DNA. Initial trials with PCR using a set of primers designed from plant methyltransferase sequences were unsuccessful, but we finally obtained a 359-bp fragment that was amplified with primers designed after Cyanobacteria methyltransferase. Subsequently, a full-length cDNA clone of 4.6 kb encoding a protein with 1,344 aa and a calculated molecular mass of 142 kDa was isolated (Fig.  4A) . The deduced polypeptide contained well-conserved domains of many DNA methyltransferases at the C terminus and a nonconserved N-terminal region with an arginine-rich domain in the extreme N-terminal region. The gene was therefore designated as CrMET1 (C. reinhardtii DNA methyltransferase 1). Sequence comparison of the catalytic domain with known methyltransferases indicated CrMET1 to resemble ZmMET1 from maize (15) . To estimate its enzymatic activity, a 2-kb fragment of CrMET1 encoding the C-terminal region with a 68-kDa polypeptide was expressed in insect cells by using a baculo-system, in which the maximal size of proteins to be expressed is around 120 kDa. The purified protein, however, showed no methylation activity (data not shown). The presence of the arginine-rich region, which may serve as the signal peptide, suggested CrMET1 to be translocated in the organelles. Subsequent examination of a GFP fusion protein with the N-terminal 150 aa directly demonstrated it to be exclusively present in chloroplasts (Fig. 4 B and C) . Genomic Organization and Expression of CrMET1. Southern hybridization indicated CrMET1 to be a single copy gene in the C. reinhardtii genome (Fig. 5A) . There was no difference in restriction patterns between mt ϩ and mt Ϫ in either coding or promoter regions (Fig. 5A) , suggesting separation from the hypervariable mating loci, which show a high polymorphism among mts (16) . Northern hybridization with poly(A) ϩ RNA as well as RT-PCR showed CrMET1 transcripts to accumulate only during mt ϩ gametogenesis (Fig. 5B) . The high levels of CrMET1 transcripts observed in the me-1 gamete is consistent with the findings for m 5 C (Fig. 2) . In contrast, they were totally absent in vegetative cells of either mt and in mt Ϫ gametes from both wild-type and me-1 cells (Fig. 5B) .
Relationship between DNA Methylation and Maternal Inheritance of
Chloroplast DNA. The mat-1 is an mt Ϫ mutant, which stably transmits chloroplast DNA to progeny, resulting in the paternal inheritance (17) . Upon gametogenesis, chloroplast DNA was previously shown to be hypermethylated (18) . We confirmed this observation by direct methylation mapping, showing an increased methylation level in gametes and similar methylation sequences, equivalent to those in wild-type mt ϩ gametes (Figs.  1 and 6 A and B) . Transcripts of CrMET1 increased during gamete formation of this mutant, strongly suggesting that CrMET1 is responsible for the observed specific methylation (Fig. 6C) . However, the genomic organization was the same as that in the wild type, indicating that the CrMET1 locus itself is not mutated (Fig. 5A) . The results are in agreement with the hypothesis that chloroplast DNA methylation is indeed catalyzed by CrMET1, and consequently support the idea that methylation of chloroplast DNA is responsible for its persistence in progeny.
Discussion
Since Sager and Lane first proposed the restriction-modification system to account for the molecular basis of maternal inheritance of Chlamydomonas chloroplast DNA in 1972 (2), considerable experimental data have accumulated in support of their hypothesis (see ref. 19 ). For example, selective methylation of chloroplast DNA has been consistently observed in mt ϩ gametes with buoyant density centrifugation (13), restriction enzyme cleavage patterns (6) , and by southwestern hybridization with anti-m 5 C antibodies (3). A gamete-and zygote-specific DNA methyltransferase with a high molecular mass also was identified (20) . However, the evidence was indirect, and critical experiments showing a direct association of methylation with persistence of mt ϩ chloroplast DNA during mating have hitherto not been performed to our knowledge.
At the same time, the hypothesis has been challenged in two independent reports. One showed maintenance of maternal inheritance in mt ϩ cells, in which methylation was reduced by treatment with 5-azacytidine, a drug that inhibits in vivo methylation (21) . The other showed that a hypermethylation mutant (me-1) of both mts still obeys normal maternal inheritance (14) . Consequently, it has remained controversial whether DNA methylation functions in maternal inheritance of chloroplast DNA. Curiously, however, no attempts to address this question have been presented since the mid-80s, until the recent report describing methylation to be only necessary for differential replication of chloroplast DNA in germinating zygotes (4) . When mt ϩ gametes were treated with 5-azadeoxycitidine and successively crossed to mt Ϫ gametes, the number of exceptional progeny carrying the mt Ϫ chloroplast DNA marker increased (4). However, hypomethylated chloroplast DNA of mt ϩ cells could persist during zygote maturation, and it was proposed that methylation functions not for protection against nucleases, but for promotion of DNA replication by, for example, properly packaging chloroplast DNA into a protective nucleoid conformation (4) .
In the present study, we confirmed selective methylation in mt ϩ gamete chloroplast DNA by direct mapping. Among the identified m 5 C residues, two-thirds were located at CpG and CpNpG sequences, and one-third occurred in other sites such as CpA and CpT. This result is in clear contrast to findings with m 5 Cs in most eukaryotic organisms, restricted to CpG and CpNpG. It appears that, in C. reinhardtii, it is not the site of methylation that is important but rather the methylation itself of chloroplast DNA. Among Ϸ80 copies of chloroplast DNA per cell, methylation was found to occur heterogenously. Whereas some were heavily methylated, Ϸ1͞3 remained unmethylated. Because chemical conversion was complete under our experimental conditions, and because more than 2͞3 cells underwent gametogenesis (unpublished observation), the results indicate that only a limited number of copies are preferentially methylated. This finding is consistent with unequal immunofluorescence staining of chloroplast nucleoids. Judging from the siteindependent methylation patterns and biased methylation among the chloroplast DNA population, it can be speculated that only DNA molecules that undergo high methylation can be transmitted to progeny. The unmethylated population may be excluded, like those of mt Ϫ origin. The biological significance of such a biased methylation remains to be clarified.
In our previous study, we identified a mt ϩ gamete-and zygote-specific DNA methyltransferase of Ϸ200 kDa, which methylates both unmethylated and hemimethylated chloroplast DNA (20) . Its identity may in fact be CrMET1, given the molecular mass of Ϸ150 kDa, and the mt ϩ gamete specificity. Structurally, conserved domains in the C terminus resemble those of type I methyltransferases from other plants. For example, the F-X-G-X-G in motif I, P-C in motif IV, E-N-V in motif VI, and Q-X-R-X-R in motif VIII are well conserved (22) . However, other parts of the catalytic domain show little homology with other methyltransferases. In addition, a threonine-rich region between motif VI and VIII is distinct only in CrMET1. Furthermore we could not find any similarity of the N terminus to known proteins, except for a signal peptide for chloroplast translocation at the extreme N terminal. In this sense, CrMET1 constitutes a member of a novel family of DNA methyltransferases with specific features like being chloroplast-resident. Whether or not this type of DNA methyltransferase is common among plants is not clear. Among 10 genes for putative DNA methyltransferases so far identified in the Arabidopsis genome, none has a transit peptide, which implies CrMET1 specifically evolved in Chlamydomonas.
The mt locus covering a 1.1-Mb region was previously isolated and shown to be highly polymorphic because of chromosomal rearrangement among mt ϩ and mt Ϫ cells (16) . The rearranged region contains several mt-specific genes, one of which could be mt ϩ specific (16) . To determine whether or not CrMET1 is one such gene, restriction analysis of the coding region and direct sequencing of the promoter region were here performed ( Fig. 5 and unpublished observation). Because no difference was apparent in the structure of the CrMET1 locus between mt ϩ and mt Ϫ and considering that the CrMET1 expression is mt ϩ gamete specific, either CrMET1 resides on unidentified mating locus or its transcription factors are under the control of mt locus products. Currently we cannot determine which is the case, but favor the latter, judging from fact that the mt Ϫ mutant, mat-1, in which CrMET1 is highly expressed in gametes, has a restriction profile the same as that of the wild type. The behavior of the me-1 mutant provides further support: the original report described that, despite heavy methylation of chloroplast DNA from vegetative cells of either mt, the maternal inheritance of chloroplast DNA was normally conducted as in the wild type (14) . In the present study, we could not confirm this finding, but found methylation to occur solely in mt ϩ gametes. Expression of CrMET1 during mt ϩ gametogenesis was also higher than in the wild type. The simplest explanation is that transcription was enhanced because of some alteration in transcriptional machinery.
Taking into account all of the available information, we conclude that CrMET1 is indeed responsible for mt ϩ gametespecific chloroplast DNA methylation, and that this may be critical for maintenance of maternal chloroplast genes. The question thus arises as to the responsible mechanism. A simple restriction-modification system may not be the case, because (i) no restriction enzyme has so far been identified in Chlamydomonas, and (ii) hypomethylated chloroplast DNA persists throughout the zygote maturation period (4). It is conceivable that m 5 C serves as the marker for some proteins to assemble on DNA, thereby forming complexes that may affect replication.
